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H NMR spectroscopy at 9.4T and compared with control animals at P14. Gene expression was assessed using quantitative real-time polymerase chain reaction (qRT-PCR). results: PIA decreased brain iron concentration, increased hippocampal lactate and creatine concentrations, and de creased phosphoethanolamine (PE) concentration and the phosphocreatine/creatine ratio. Hippocampal transferrin receptor (Tfrc) gene expression was increased, while the expression of calcium/ calmodulin-dependent protein kinase type IIα (CamKIIα) was decreased in PIA mice. conclusion: This clinically relevant model of neonatal anemia alters hippocampal energy and phospholipid metabolism and gene expression during a critical developmental period. Low target hematocrits for preterm neonates in the neonatal intensive care unit (NICU) may have potential adverse neural implications. P reterm neonates become anemic in large part due to repeated blood sampling while in the NICU (1,2). Anemia poses two major risks to the still rapidly developing hippocampus-based memory system in preterm neonates: tissue hypoxia due to anemia and iron deficiency (ID) due to loss of total body iron by phlebotomy. Two clinical trials in preterm infants demonstrate that short-term neurodevelopment may be at risk in infants randomized to lower target hematocrits (3, 4) . Preclinical models demonstrate that reduction of oxygen and iron availability during this critical period of hippocampal development potentially leads to acute metabolic changes that may alter development and lead to long-term consequences (5, 6) . The brain has a set order and timing to the development of its various structures (7) . Adequate metabolic substrates, including iron and oxygen, are necessary for proper structural development of a given brain region. Lack of these essential substrates can lead to alterations in energy metabolism, myelination, neuronal integrity, and connectivity. The hippocampus undergoes rapid growth and synaptogenesis during the last trimester of gestation through early postnatal life in humans and during the first 3 wk postnatally in rodents (8) . Fetal/neonatal iron deficiency anemia (IDA) induces long-lasting impairments in cognitive development, including learning and memory (9) . Together, these factors indicate that potential critical periods may exist in early-life where iron (and oxygen) are necessary for development of a given brain region, which if missed, results in long-term neural dysfunction and behavioral abnormalities (10) .
Two previous studies utilizing in vivo 1 H nuclear magnetic resonance (NMR) spectroscopy by our group have shown negative effects of dietary fetal/neonatal IDA and chronic neonatal hypoxia on hippocampal metabolite profiles. Concentrations of 12 of 16 measured metabolites were altered in rats given an iron deficient diet from gestational day 3 to postnatal day (P)7. The metabolic changes indexed altered energy status, neurotransmission, and phospholipid metabolism (11) . Chronic hypoxia from P3 to P28 in rats altered 10 of the 16 metabolites quantified (6) . Changes were found in metabolites indexing energy metabolism, neurotransmission, neuronal integrity, and phospholipid metabolism. Some, but not all changes seen in the chronic hypoxia study were similar to the changes seen in the dietary IDA model.
It is unknown whether the rapid induction of anemia that occurs via phlebotomy in preterm infants generates the same degree of brain hypoxia and ID as more chronically induced dietary IDA. Therefore, it is unclear whether conclusions drawn from the extensive IDA literature (12) are relevant to phlebotomy-induced neonatal anemia. The objective of the current study was to use a developmentally and clinically appropriate model of phlebotomy-induced anemia and in vivo 1 H NMR spectroscopy to determine whether anemia concurrent with
RESULTS

Hematocrit
Anemia was induced by subjecting mice in the phlebotomyinduced anemia (PIA) group to twice daily phlebotomy. Daily hematocrit was determined during the first bleeding session of the day from P3 through P13 to monitor the anemia in the PIA pups (Figure 1a) . On P3, pups in the PIA group had a mean ± SEM hematocrit of 42.0 ± 0.7% (n = 9). Hematocrit reached the <25% threshold by P8 on average and required only once daily bleeding thereafter. The hematocrit of the PIA group at tissue collection was 21.1 ± 0.4% and that of the nonbled littermate controls was 34.1 ± 0.4% (n = 12; P < 0.0001).
Body Weight
Weight gain was measured daily and was linear throughout the experimental period with an average weight gain of 0.46 g/day for the control group and 0.40 g/day for the PIA group. The average weight of the PIA group on P14 (7.2 ± 0.2 g) was not significantly different than the average weight of the control group (6.7 ± 0.2 g).
Brain Iron Concentration
Whole brain iron concentration was determined on P10. The iron concentration of the PIA group (6.6 ± 0.6 µg Fe/g brain tissue) was 42% lower than the control group (11.5 ± 2.2 µg Fe/g brain tissue; P = 0.03; Figure 1b) .
In Vivo
H NMR Spectroscopy
The hippocampal neurochemical profiles of the PIA and control mice were determined at P14 using 1 H NMR spectroscopy (Figures 2 and 3 ). Spectra were obtained from 21 mice (control, n = 12; PIA, n = 9). As compared with their nonbled littermate controls, PIA mice had increased concentrations of lactate (+40.0%, P = 0.003) and creatine (+9.2%, P = 0.014) in the hippocampus. Phosphoethanolamine (−8.6%, P = 0.01) concentration was decreased (Figure 3) . The ratio of phosphocreatine to creatine (PCr/Cr) was lower in the PIA group as compared to the control group (−13.6%, P = 0.019). Concentrations of other metabolites measured did not differ between PIA and control groups.
Gene Expression
qRT-PCR was performed using P14 hippocampal tissues (Figure 4) . Gene expression of transferrin receptor (Tfrc), an indicator of ID, was increased by 91% (P = 0.028) in the PIA group. Gene expression of calcium/calmodulin-dependent protein kinase type IIα (CamKIIα), a marker of synaptic plasticity, was decreased 40% (P < 0.001) in the PIA group. No group differences were found for myelin basic protein (Mbp), proteolipid proteins (Plp1, Plp2), or monocarboxylate transporters (Mct1, Mct2).
DISCUSSION
Our study utilized a neurodevelopmentally appropriately timed phlebotomy-induced anemia (PIA) mouse model with comparable hematocrit levels to those found in preterm infants in the NICU (3, 4) to investigate the effects of anemia on hippocampal neurochemistry and gene expression. Phlebotomy alone was enough to cause a substantial loss of total body iron and induce a 42% reduction in whole brain iron concentration (Figure 1b) . Cerebral oxygen consumption compared to body weight is much lower in the mouse than in humans (13) , so this effect could be even more detrimental to human infants in the NICU who have even greater metabolic demands to the developing brain. This degree of brain ID is also seen in dietary models of gestational/lactational ID, and causes profound Articles genomic, metabolic, and structural changes in the hippocampus, accompanied by long-term learning and memory deficits in those models (6, (14) (15) (16) (17) (18) (19) . The iron dose provided to the pups through their maternal milk was equivalent to ~3 mg/kg body weight daily (unpublished data), consistent with the American Academy of Pediatrics recommended iron supplementation dose for premature infants (20) . Increased hippocampal gene expression of Tfrc, the carrier protein for iron uptake into the cell, confirms that the PIA mice are iron deficient in the hippocampus as well as the whole brain (Figure 4) . Values are mean ± SEM. control, n = 12; PIA, n = 9. *P < 0.02, **P < 0.01 vs. the control group. Ala, alanine; Asc, ascorbate; Cr, creatine; Glc, glucose; Gln, glutamine; Glu, glutamate; Gly, glycine; GSH, glutathione; GPC, glycerophosphocholine; Lac, lactate; Ins, myo-inositol; MM, macromolecules; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; PC, phosphocholine; PCr, phosphocreatine; PE, phosphoethanolamine; Tau, taurine; PIA, phlebotomy-induced anemia. MM is expressed in arbitrary units, PCr/Cr ratio has no units. Articles Wallin et al.
PIA significantly affected hippocampal neurochemistry and expression of both iron-dependent and synaptic plasticity genes at a time of rapid hippocampal growth and differentiation. The findings emphasize the potential neurodevelopmental implications of repeated phlebotomy and low target hematocrits in preterm infants between 26 and 40 weeks postconceptional age. They are consistent with the findings of two clinical trials that demonstrated poorer short-term neurodevelopment in preterm infants randomized to lower target hematocrits and may offer insights into the specific neuropathology induced by PIA (3, 4) .
Since the PIA mice were both iron deficient as well as anemic, which causes significant tissue hypoxia, either factor could have driven the observed changes in neurochemistry and gene expression. A study by Rao et al. (11) used a dietary model of iron deficiency anemia (IDA) and assessed neurochemical changes at several time points in the developing rat hippocampus including at P14. A study by Raman et al. (6) determined the effects of chronic hypoxia (10% O 2 from P3 to P28) without dietary ID on hippocampal neurochemistry at P14 in rats. Our experiment can be compared with the results of these two studies to assess whether hypoxia, ID, or both drove the observed metabolic changes in the PIA model. Phosphoethanolamine (PE), a precursor of myelin phospholipid phosphotidylethanolamine, as well as a constituent of cell membranes, was decreased in the PIA pups (Figure 3) . A similar reduction in hippocampal PE concentration occurs in chronically hypoxic rat pups and is interpreted as decreased myelination or decreased cell turnover in a hypometabolic state (6) . In contrast, dietary IDA increases hippocampal PE during development (6, 21) . The reduction in PE in PIA mice could be indicative of decreased myelination. Hypomyelination leads to long-term reductions in processing speed (22, 23) and is common in dietary IDA (24) . However, as we did not find changes in the myelin markers Mbp, Plp1, or Plp2, this favors the interpretation that the change in PE reflects a general decrease in phospholipid synthesis, including in cell membrane and synaptosome content and subsequent function (25) . Alterations in membrane dynamics may result in poorer neurotransmitter release and synaptic function (11, 25) . Another recent study from our laboratory demonstrated persistently decreased hippocampal PE in formerly ID adult rats, despite iron supplementation beginning in the neonatal period (26) .
PIA also altered oxidative metabolism in the hippocampus as evidenced by a 40% increase in lactate concentration. The finding is consistent with increased anaerobic metabolism and could be due to anemia, ID, or both. As the cytochromes of the electron transport chain contain iron, loss of brain iron can also lead to a suppression of the tricarboxylic acid cycle and a reliance on anaerobic glycolysis to support energy metabolism (27) . Previous studies have demonstrated increased activity of lactate dehydrogenase, the enzyme responsible for lactate production, in the brain of adult rats with dietary IDA (28) . Induction of ID by adding the iron chelator desferrioxamine to the human cell line K-562 also results in an increase in lactate to compensate for the ATP loss in the TCA cycle (29) . A decrease in the citrate/ lactate ratio of cerebrospinal fluid has previously been shown in dietary IDA monkeys (30) . While lactate can be used by the brain for energy, the finding of increased steady-state, intracellular lactate levels suggests an accumulation of this by-product of anaerobic glycolysis. The lack of compensatory increases in expression of lactate transporters Mct1 and Mct2 support the idea that the increase in intracellular lactate is not a positive adaptive response. The lack of increased Mct1 and Mct2 expression also support our contention that increased lactate in the PIA hippocampus likely represents local production in the central nervous system and is not due to increased transport from the blood across the blood brain barrier.
Further evidence of impaired oxidative metabolism in the PIA pups is reflected in the increased concentration of creatine and the decreased PCr/Cr ratio in the PIA pups, which collectively indicate decreased phosphorylation potential. IDA can decrease oxidative ATP production because the enzymes involved in oxidative phosphorylation contain iron and are decreased in ID (31) . Gestational/lactational dietary ID induces a decrease in cytochrome c oxidase activity of 42% in the P10 hippocampus (27) .
The PIA mice had decreased levels of gene expression for calcium/calmodulin-dependent protein kinase type IIα (CamKIIα) in the hippocampus on P14 (Figure 4) . CamKIIα is an enzyme crucial to the calcium signaling pathways leading to plasticity in glutamatergic synapses. CamKIIα is required for hippocampal long-term potentiation as well as spatial learning. Gene expression of this enzyme is reduced in dietary IDA models, accompanied by poorer performance on spatial learning tasks (17, 19) . Further behavioral testing will be needed to determine if PIA leads to similar functional behavioral deficits consistent with the reduction in CamKIIα expression.
Overall, the metabolic changes in the hippocampus of the anemic neonatal PIA mouse appear to be driven by both Articles hypoxia and ID. The combined effect results in a unique neurometabolic profile. Fewer metabolites were affected in the PIA model than in either of the previous dietary IDA and chronic hypoxia NMR spectroscopy studies (6, 11) , most likely because the duration of exposure to adverse conditions was shorter in the present study. In our previous study (11) , IDA was induced at G3 and continued until P14 (i.e., 32 days). In the current study, the phlebotomy began on P3 and reached the target hematocrit at P8; thus the animals were anemic for only 7 days. However, the degree of brain acidosis as indexed by the increased lactate concentration was more severe in the PIA model. This may reflect the steeper decline in oxygen delivery to the brain over time and may have put more stress on compensatory mechanisms (e.g., deamination of amino acids; alternate fuel sources) than the neonatal brain can achieve. Increased lactate concentration is also relevant from a translational perspective as many physicians tolerate similar hematocrits as long as the infant is not tachycardic or systemically acidotic. It is possible that elevated lactate levels in the brain precede systemic lactic acidosis. While the anemia is relatively acute in real-time (i.e., 7 days), developmentally the study days span the equivalent of the last trimester in humans during which the hippocampus begins to differentiate and rapid myelination begins. This more prolonged exposure to anemia on the developmental time scale makes it possible that critical periods of brain development were missed and that long-term neurochemical and neurodevelopmental changes could occur. Several limitations exist in the current study. Only one brain area was studied; so, we cannot assess effects across brain areas or draw conclusions about how the PIA protocol affected brain structures differentially. Additionally, there was no long-term assessment to determine behavioral or brain structural consequences. Clearly, the amount of dietary iron was not sufficient to replenish the iron pool lost by phlebotomy to supply the needs of both the reconstituting red cell mass and the developing brain. Previous studies suggest that iron is prioritized to red cells over other organs including the brain (32) (33) (34) . Whether a higher dose of iron in the maternal diet would have protected the neonatal brain in the PIA mice is unknown.
Translationally, there has been a decades-long debate regarding target hematocrits in preterm infants. Two randomized controlled trials have been performed to assess whether higher or lower hematocrit thresholds are associated with better outcomes (3, 4) . Of note, the target hematocrit of the lower hematocrit group in both trials was in the range that we induced in our study. Both trials demonstrated a tendency toward poorer early neurodevelopment in the more anemic group (3,4), although one of the studies demonstrated better longterm development in the more anemic group (4). A third multicenter trial is currently underway to provide greater clarity regarding the question. Our model confirms it is feasible for acute PIA to lead to harmful effects on brain development. The current study in a developmentally appropriately-timed mouse model provides some clues to the fundamental metabolic changes that occur with PIA in a brain area subserving learning and memory. Other models of anemia and hypoxia have shown that the induction of metabolic changes indicative of altered energy and phospholipid metabolism result in long-term structural and functional abnormalities in the hippocampus (4, (10) (11) (12) (13) (14) (15) . Future directions include investigating the effects of exogenous recombinant human erythropoietin (rhEpo) administration. Epo stimulates red blood cell production and thus should alleviate the anemia, thereby lessening some of the hypoxic effects. However, in an iron limited state, rhEpo may exacerbate brain ID as iron is preferentially shunted to red blood cells at the expense of the brain.
METHODS
Animal Preparation
The study was approved by the Institutional Animal Care and Use Committee of the University of Minnesota. WT C57/B6 mice were used for all experiments. Mice were given ad libitum access to food and water and kept on a 12-h light/dark cycle. The environment was temperature and humidity controlled, with conditions monitored by Research Animal Resources. All mothers were fed a standard diet with 200 ppm iron (Harlan; Indianapolis, IN) throughout the experiment. Litters were culled to eight pups, with four pups in the nonbled control group and four in the PIA group. This reduced variability in food availability and mothering conditions, thereby minimizing differences in weight gain among litters.
Phlebotomy-Induced Anemia
The unique phlebotomy model in this study was based on neonatal blood volume calculations published by the Sola-Visner lab (35) . The PIA pups were bled via facial venipuncture. A micropipette was used to accurately measure the amount of blood drawn. Each morning, pups were weighed and the quantity of blood drawn from each bled pup (5.25 ml/g) was calculated based on the body weight. The PIA pups were bled twice per day until they reached the designated hematocrit threshold of 25%. Thereafter, they were bled once per day to maintain the desired severity of anemia. Phlebotomy occurred from P3 to P14. Glass microhematocrit tubes were used to determine the hematocrit. The hematocrit was determined by spinning the microhematocrit tubes in a centrifuge at 10,000 rpm for 5 min and then quantified using a hematocrit card reader. The control pups were pricked with a needle through the scruff of their neck in order to subject all mice to a similar needle stick while ensuring that the control pups did not bleed.
Tissue Collection
Mice received an overdose of pentobarbital (120 mg/kg i.p.) and brains were quickly removed from the skull and placed on filter paper atop a metal block partially submerged in ice. Hippocampi were dissected, flash frozen in liquid nitrogen, and stored at −80 °C until further processing.
Iron Assay
Whole brain iron concentration was determined using a previously published microanalysis protocol to measure non-heme iron in animal tissues (36) . Briefly, tissue homogenates were treated with hydrochloric acid and trichloroacetic acid. Heating to 95 °C released non-heme iron precipitate. After centrifugation, ferrozine was added to the supernatant where it interacted with the iron and reducing agent thioglycolic acid. Results were quantified using spectrophotometry and a standard iron curve. 1 H NMR spectra were acquired using ultrashort echotime STEAM sequence (echo time (TE) = 2 ms, repetition time (TR) = 5 s) combined with outer volume suppression and VAPOR water suppression (38) . The spectra were collected from the 3 µl volumes of interest (VOI = 2.0 × 1.0 × 1.5 mm 3 centered in the left hippocampus). Multislice fast spin-echo magnetic resonance imaging (echo train length = 8, echo spacing = 12 ms, field of view = 2 × 2 cm, slice thickness = 1 mm) in sagittal and axial orientations was used for precise positioning of the VOI. Imaging alternated throughout each day between PIA and control mice and mice not being imaged were kept with their mother and littermates in their home cage. No differences in metabolite concentrations were found between males and females and thus data from both sexes were combined in the analysis. Study of a single mouse did not exceed 60 min.
Metabolite Quantification
In vivo
1 H NMR spectra were analyzed by LCModel (39) with the spectrum of fast-relaxing macromolecules included in the basis set. Unsuppressed water signal was used as an internal reference assuming 85% brain water content. The following 17 metabolites were included in the final analysis: alanine, ascorbate, creatine (Cr), phosphocreatine (PCr), GABA, glucose (Glc), glutamate (Glu), glutamine (Gln), glutathione, lactate (Lac), myo-inositol (Ins), N-acetylaspartate, N-acetylaspartylglutamate, phosphoethanolamine, taurine and the sum of glycerophosphocholine, and phosphocholine. The ratio for PCr/Cr was also calculated.
Gene Expression Analysis
RNA was extracted from the left hippocampus using the RNAqueous Total RNA Isolation Kit (Ambion; Austin, TX). The kit protocol was followed and samples were stored at −80 °C. Quality of samples was verified using a NanoDrop-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Samples not meeting quality standards were further processed using the RNA Clean and Concentrator-5 Kit (Zymo Research, Irvine, CA). cDNA was generated using 1 µg total RNA per sample and the High-Capacity RNA-to-cDNA kit (Invitrogen, Carlsbad, CA). Again the kit protocol was followed, samples were diluted 20× with TE buffer (10 mmol/l Tris, 1 mmol/l ethylenediaminetetraacetic acid), and stored at −20 °C. RT-qPCR was run in singleplex with duplicate wells using Taqman qPCR Universal Mix and Taqman Gene Expression Assay probes (Applied Biosystems, Carlsbad, CA). As a control, ribosomal protein s18 was used. Thermocycling was performed with the MX3000P instrument (Strategene, La Jolla, CA).
Statistical Analysis
All data are presented as mean ± SEM. Significance between groups for all metrics other than metabolite concentration was determined using a two-tailed unpaired t-test and results were considered significant at a threshold of α = 0.05. In order to reduce the chance for a false positive result in the NMR spectroscopy experiments due to multiple testing, a false discovery rate method with Benjamini-Hochberg procedure was applied. Using a q-value of 0.1, results were considered significant at a threshold of α = 0.02. 
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